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Introduction
With continued worldwide urban expansion and rapid economic and industrial development, discharge from anthropogenic activities (municipal, industrial, and agricultural) continues to expose freshwater systems to large quantities of anthropogenic pollutants. This pollution has resulted in a notable deterioration of freshwater quality (Martinuzzi et al., 2014; Jordaan and Bezuidenhout, 2016) . In aquatic ecosystems, prokaryotes drive the transformation and cycling of most biologically active elements, so they play a critical role in the regeneration and mobilization of nutrients in freshwater food webs (Newton et al., 2011; Ren et al., 2013) . Short generation times, high diversity, and quick reaction to (and recovery from) environmental change make prokaryotes ideal indicators of stress in freshwater systems. Anthropogenic disturbances on freshwater systems have major repercussion on the central Anhui Province of eastern China (Wang and Dou, 1998) . The Nanfei River, Zhegao River, and Hangbu River, three tributaries of Chaohu Lake, flow through Hefei City, Zhegao Town, and Sanhe Town, respectively ( Fig. 1) . Farmland primarily surrounds the upper reaches of the three rivers, whereas cities and towns envelop the middle and lower reaches. Thus the middle and lower stretches are stressed from multiple anthropogenic sources, including untreated domestic and industrial wastewater discharge.
Sampling sites and sample collection
Samples were collected on 22 December 2017. We studied the Nanfei, Zhegao, and Hangbu Rivers, and established three sites along the upper reaches (U), middle reaches (M), and lower reaches (L) of all three rivers. Additionally, based on the shape and size of Chaohu Lake, three sites (I, II, III) were selected ( Fig. 1) . All stations were sampled within a 24-h period. The samples of three rivers were collected from the center of rivers. 500-ml water samples were collected at each sampling site for microbial DNA extraction. At each sampling site, 500-ml water samples were collected from surface waters (the top 50 cm) and filtered through 0.2-m-pore-size Isopore filters (Millipore, Billerica, MA, USA). All samples were collected only once. DNA extraction was carried out within 24 h from the time of sample collection. Simultaneously, 1 L water samples were collected at each sampling site for physicochemical characterization (Huang, 2000) .
Measurement of physical and chemical indices
Water temperature was measured using a multi-parameter water quality monitoring sonde (YSI 6600, USA). One liter of water was collected to measure pH, total phosphorus (TP), total nitrogen (TN), nitrate (NO3) and ammonia nitrogen (NH4). All of these physiochemical factors were measured according to standard methods (Huang, 2000) . 
DNA extraction and high-throughput sequencing of prokaryotic 16S rRNA gene
Genomic DNA of the water microbiota was extracted using the standard phenolchloroform method . The extracted DNA was diluted to 10 ng/µL and stored at −40 °C for downstream use.
A prokaryotic universal primers 515F and 909R with a 12 nt unique barcode was used to amplify the V4-V5 hypervariable region of 16S rRNA gene for high-throughput sequencing according to a previous report . The PCR mixture (25 l) contained 1× PCR buffer, 1.5 mM MgCl2, deoxynucleoside triphosphate at 0.4 M, primer at 1.0 M and 0.5 U of Ex Taq (TaKaRa, China), and 10 ng genomic DNA. The PCR amplification program included initial denaturation at 94 °C for 10 min, followed by 30 cycles of 94 °C for 40 s, 56 °C for 60 s, and 72 °C for 60 s, and a final extension at 72 °C for 10 min. Two PCR reactions were conducted for each sample and combined together after PCR amplification. PCR products were subjected to electrophoresis using 1% agarose gel. Each band showing the target size was excised and purified using a SanPrep DNA Gel Extraction Kit (Sangon Biotech, China) and quantified with Nanodrop. All samples were pooled together with equal molar amounts from each sample. The sequence samples were prepared using TruSeq DNA kit according to the manufacturer's instructions. The purified library was diluted, denatured, re-diluted, and mixed with PhiX (equal to 30% of the final DNA amount-as described in the Illumina library preparation protocols), and applied to an Illumina Miseq benchtop sequencer (Illumina, USA) at Guangdong Meilikang Bio-Science Ltd., China with the Reagent Kit (v2) 2 × 250 bp according to the manufacture manual.
Data analysis
The raw sequence data were merged using FLASH-1.2.8 software (Magoc and Salzberg, 2011) . The merged sequences were trimmed and assigned to each sample based on their respective barcode sequences using QIIME Pipeline Version 1.7.0 (Caporaso et al., 2010) . The sequences that are more than 300 bp of length, without ambiguous base 'N', and more than 30 of the average base quality score were used for downstream analysis (Xiang et al., 2018) . Sequences were clustered into operational taxonomic units (OTUs) at a 97% identity threshold. The aligned gene sequences were used for chimera check using the Uchime algorithm (Edgar et al., 2011) . Taxonomy was assigned using the Ribosomal Database Project classifier (Wang et al., 2007) . Shannon index was calculated using QIIME 1.7.0 based on the composition of OTUs. Principal coordinate analysis (PCoA) based on a weighted UniFrac distance matrix was conducted using QIIME 1.7.0. Redundancy analysis (RDA) with a Monte Carlo permutation test was carried out using the 'vegan' package in R (Oksanen et al., 2015) . P-values < 0.05 were considered statistically significant. We performed one-way analysis of variance (ANOVA) to test for significant differences in physicochemical characteristics. All statistical analyses were performed using SPSS 13.0.
Results

Physicochemical analysis
Concentrations of TP and NH4 exhibited maxima in the Nanfei River, while concentrations of TN and NO3 were greater in Chaohu Lake than in the three rivers ( Table 1 ). According to the standard established by the Organisation for Economic and Co-operation and Development (OECD) (1982)-which is based on the concentration of total phosphorus (TP)-Chaohu Lake and its three associated rivers are eutrophic or hypereutrophic. The degree of eutrophication was as follows: Nanfei River > Chaohu Lake > Zhegao River > Hangbu River. 
Prokaryote community composition
In total, 296,004 effective sequences and 39,350 OTUs (not include the averages number of OTUs in Chaohu Lake and three rivers) were obtained from these samples ( Table 2) . Chaohu Lake had the highest number of OTUs (3,289) ( Table 2) . Additionally, prokaryote communities in Chaohu Lake showed higher richness than in the three rivers. The average Shannon diversity index for prokaryote communities in Chaohu Lake was 6.81. Among the three rivers, the highest observed prokaryotic diversity was in Zhegao River (7.60), followed by Hangbu River (6.99), and Nanfei River (6.21; Table 2 ). Thus, Chaohu Lake and its tributaries exhibited high prokaryotic diversity as well as an inverse relationship between water body trophic level and prokaryotic diversity.
Except for a small number of unclassified (0.03%) and rare (2.98%) prokaryotes, a total of 13 prokaryotic phyla were identified from Chaohu Lake and its tributaries. There were 13 dominant prokaryotic phyla, including Proteobacteria (31.51%), Bacteroidetes (26.50%), Cyanobacteria (19.05%), Actinobacteria (10.71%), APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17 (4) Verrucomicrobia (2.73%), Firmicutes (2.29%), Planctomycetes (1.02%), Chloroflexi (0.82%), Acidobacteria (0.62%), Chlorobi (0.51%), Thermotogae (0.50%), Crenarchaeota (0.38%), and Euryarchaeota (0.35%; Fig. 2A and Table 3 ). The Proteobacteria were distributed (in descending order) as Betaproteobacteria (19.88%), Alphaproteobacteria (6.41%), Gammaproteobacteria (4.47%) and Deltaproteobacteria (0.57%). Within the Bacteroidetes phylum, Flavobacteriia (17.75%), Sphingobacteriia (7.11%) and Bacteroidia (1.16%) were the most frequently detected. Nostocophycideae (8.70%), Synechococcophycideae (1.55%), and Oscillatoriophycideae (1.24%) were the dominant classes of Cyanobacteria phylum; Actinobacteria (9.73%) and Verrucomicrobiae (1.57%) were the main classes of the Actinobacteria and Verrucomicrobia phyla; the Firmicutes phylum predominantly consisted of the Clostridia (1.20%) and Bacilli classes (1.00%; Table 3 ). Abbreviations are the same as those in Table 1 There was a distinct difference in the distribution of the dominant prokaryotic phyla in Chaohu Lake and its tributaries. For example, Proteobacteria exhibited the highest abundance in all of the collection stations-especially in Nanfei River-while Bacteroidetes abundance was highest in Hangbu River. Furthermore, Chaohu Lake and Zhegao River had high abundances of Cyanobacteria, Nanfei River had a high abundance of Firmicutes, and the middle reaches of Zhegao River (ZGM) had a high abundance of Verrucomicrobia. The upper reaches of Hangbu River (HBU) and upper reaches of Nanfei River (NFU) exhibited lower nutrient levels than the other stations, and also had the lowest abundance of Acidobacteria ( Fig. 2A and Table 3 We identified 924 genera in 12 samples, with 12 dominant genera including Flavobacterium (16.60%), Dolichospermum (8.62%), Limnohabitans (5.57%), Hydrogenophaga (4.47%), Prochlorococcus (1.49%), Pseudomonas (1.04%), and 6 unidentified genera. These 6 identified genera included 3 dominant genera of Proteobacteria, 2 dominant genera of Cyanobacteria, 1 dominant genus of Bacteroidetes ( Table 3 ). The changes in CPCs were mainly concentrated in Proteobacteria, Bacteroidetes, and Cyanobacteria. Table 1 The results of PCoA showed a strong clustering of samples from Chaohu Lake, and a dispersed distribution among the rivers samples. This likely indicates a higher susceptibility among prokaryotic communities in Chaohu Lake than in the three rivers ( Fig. 2B) . Furthermore, the CPCs in Chaohu Lake were different from those in the three rivers and the spatial change patterns for prokaryotic communities were lake-specific and river-specific. This could imply that CPCs exhibit a high degree of spatial heterogeneity between the lake and the rivers.
Relationship between prokaryotic communities and environmental factors
According to the RDA analyses, 66% of the cumulative variance in the speciesenvironment relationship was explained by the first two RDA axes. Furthermore, following forward selection and the Monte Carlo test, the prokaryotic community showed a significant correlation with the concentration of TP (p < 0.01; Fig. 3 and Table 4 ). For example, among the 13 phyla, Proteobacteria, Actinobacteria, and Firmicutes were primarily affected by the concentration of total phosphorus (TP; p < 0.05, p < 0.05, p < 0.05, respectively). In contrast, Cyanobacteria showed a significant correlation with TN (p < 0.01), NH4 (p < 0.01), and NO3 (p < 0.05). Planctomycete showed a correlation with pH (p < 0.05), and Thermotogae was generally associated to WT (p < 0.05; Fig. 3 and Table 4 
Discussion
Prokaryotic community structure characteristics
High-throughput sequencing has been widely used to study differences in prokaryotic communities (Dai et al., 2016; Jordaan and Bezuidenhout, 2016; Yang et al., 2016) . Bao (2008) analyzed the CCBs of Chaohu Lake, using a combination of PCR amplification of 16S rRNA genes and DGGE, and reported that Chaohu Lake had 4 dominant phyla. In the present study, Chaohu Lake prokaryotes were distributed among 13 dominant phyla. Compared with the PCR-DGGE approach, high-throughput sequencing could identify more prokaryotic species, and is thus more suitable for describing prokaryotic community diversity in aquatic systems.
Proteobacteria, Cyanobacteria, Bacteroidetes, Actinobacteria, and Verrucomicrobia are the main prokaryotic phyla in freshwater ecosystems (Ren, 2013) . Similarly, our results found Proteobacteria, Cyanobacteria, Bacteroidetes, and Actinobacteria to be the most common prokaryotic phyla of Chaohu Lake and its tributaries-results that are in agreement with those from previous studies (Wu et al., 2007; Dai et al., 2016; Jordaan and Bezuidenhout, 2016) . Proteobacteria was the largest prokaryotic phylum of Chaohu Lake and its adjoining rivers, and exhibited high abundances in all samples, especially in Nanfei River, which showed the highest nutrient concentration. Proteobacteria abundance is known to be higher when environmental conditions are poor (Sun et al., 2016 ) and hence the present study suggests that the water quality of Chaohu Lake and its three tributaries is deteriorating.
Among the Proteoprokaryotic communities, Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria dominated-with Betaproteobacteria exhibiting the highest abundance of the three. Betaproteobacteria represent one of the key components of freshwater bacterioplankton and play an important role in freshwater ecosystems (Crump and Hobbie, 2005; Newton et al., 2006; Salcher et al., 2013) . Limnohabitans and Hydrogenophaga were the dominant genera of Betaproteobacteria. Limnohabitans belongs to BetI lineage of Betaproteobacteria, is the most abundant type of prokaryotes, and is widely distributed throughout of the world (Ren, 2013 ). Furthermore, Limnohabitans plays an important role in phosphorus cycling in eutrophic water and wastewater, and its distribution includes urban rivers (Jordaan and Bezuidenhout, 2016) . The PhoD gene of the genus Limnohabitans codes the APase, which promotes the process of eutrophication by increasing the bioavailability of phosphorus (Zhao et al., 2015) . Gammaproteobacteria and Alphaproteobacteria, the second and third classes of Proteobacteria, respectively, are found in a variety of aquatic habitats ( Hangbu River exhibited the highest abundance of Bacteroidetes, the second most abundant phylum. Within the Bacteroidetes, Flavobacterium was the most frequently detected genus-results that are consistent with bacterioplankton communities of Taihu Lake (Wu et al., 2007) . Due to its algicidal activity and antagonism toward other bacteria, Flavobacterium has been associated with harmful algal blooms (Roth et al., 2008) . Furthermore, it is often found in high abundance in eutrophic and hypertrophic urban rivers-usually correlating with high nutrient levels (Drury et al., 2013; Jordaan and Bezuidenhout, 2016) .
Chaohu Lake and Zhegao River showed the highest abundances of Cyanobacteria, the third most dominant phylum. Cyanobacteria are the oldest known oxygen-producing http (Paerl, 2008) and high temperatures (Briand et al., 2004) . In shallow, nonstratified, lakes it has been suggested that the potential for cyanobacteria to dominate is greatest when the water temperature is high and the nutrient load is elevated (Elliot et al., 2006) . In the present study, Cyanobacteria comprised four dominant genera: Dolichospermum, Prochlorococcus, and two unclassified genera. It should be noted that Dolichospermum is the most common genus in Cyanobacterial blooms . Actinobacteria, the fourth dominant phylum in our study, are globally distributed and are often the most abundant phylum in a variety of freshwater ecosystems (Crump and Hobbie, 2005; Wilhelm et al., 2014) . In Lake Taihu, a shallow hypertrophic freshwater lake in China, Actinobacteria are considered to be the most significant lineage (Wu et al., 2007) .
Less abundant phylotypes were grouped with the Firmicutes, Verrucomicrobia, Chloroflexi, Planctomycetes, Acidobacteria, Chlorobi, Thermotogae, Crenarchaeota, Euryarchaeota, and unaffiliated. Firmicutes make up a small fraction of the prokaryotic community in some freshwater systems (Eiler and Bertilsson, 2004; Lymperopoulou et al., 2012) , and predominantly consist of Gram-positive, rod-shaped, bacteria in the class Bacilli. Most of the species in this class exhibit strong environmental adaptability and can form stress resistant spores. Thus Bacilli play an important biological role in a variety of ecological systems, such as the treatment of industrial wastewater (Song et al., 2015) . In this study, the highest abundance of Bacilli was found in the Nanfei River, in which the highest nutrient concentration was recorded. Verrucomicrobia exhibited a low abundance (1-4%) in all of our sample collections. This phylum is widely distributed in rivers and lakes, and its low abundance may be associated with surplus nutrients (Haukka et al., 2006) .
There are contradictory reports of Bacteroidetes abundance in the literature. . We found that Bacteroidetes were more abundant at sample stations exhibiting relatively low nutrient concentrations. In contrast, Actinobacteria and Cyanobacteria were primarily distributed among stations with high nutrient levels.
The recorded dominance of phylotypes belonging to Bacteroidetes, Betaproteobacteria, Alphaproteobacteria, Cyanobacteria, and Actinobacteria may be the result of the strong eutrophication of Chaohu Lake and its three tributaries. For example, similar results have been recorded for other eutrophic water bodies, and this may indicate a decline in water quality in the near future ( 
Environmental effects on prokaryotic community
The nutrient content of waterbodies has a significant impact on the diversity of prokaryotes (Lindström, 2000; Yan et al., 2017) . Our RDA analysis showed that the prokaryotic communities and 3 prokaryotic phyla-including Proteobacteria, Actinobacteria, and Firmicutes-were significantly associated with TP. Furthermore, Cyanobacteria showed a significant correlation with TN, NH4, and NO3. These findings are consistent with those of previous studies (Liu et al., 2011; Zhang et al., 2012; Niu et al., 2015; Wang et al., 2015) . Of the measured explanatory variables, phosphorus and nitrogen were shown to have the greatest effect on CPCs, and this result may hold the greatest significance for the management of nature reserves. Specifically, understanding how phosphorus and nitrogen affect CPCs could aid in the search for new strategies to combat the degradation of freshwater ecosystems due to anthropogenic pollution.
Previous research has shown prokaryotic diversity to increase with elevated nutrient levels (Feng et al., 2007; Pang et al., 2014) . However, other studies have found prokaryotic community diversity to significant decrease with the increase of freshwater nutrients (Van der Gucht et al., McLaughlin et al., 2015) . Compared with the Zhegao and Hangbu Rivers, Nanfei River and Chaohu Lake had higher nutrient levels, and lower prokaryotic diversity. Our results have shown a link between higher waterbody nutrients and lower prokaryotic diversity. Microorganisms that can use and/or survive in the presence of pollutants often dominate contaminated ecosystems. As the result, the diversity of microbial communities is less than that of noncontaminated systems (McLaughlin et al., 2015) . Van der Gucht et al. (2005) indicated that, as a result of the disappearance of submerged macrophyte stands, this transition is associated with a loss of structural diversity and, consequently, a decrease in biodiversity at higher trophic levels.
Our RDA results indicate that pH is correlated with Planctomycetes, this result is consistent with those of Ren et al. (2015) , who observed that pH was the strongest determinant of both overall bacterioplankton community composition and the composition of abundant bacterioplankton groups. Previous literature has shown that water temperature can affect freshwater bacterioplankton communities (Adams et al., 2010; de Figueiredo et al., 2010; Zhang et al., 2012; Jordaan and Bezuidenhout, 2016) . We observed that water temperature (WT) is generally associated with Thermotogae. Hence, this study suggests that pH and water temperature may play crucial roles in shaping bacterioplankton community structure in freshwater lakes and rivers.
Conclusions
In this study, CPCs were characterized using high-throughput sequencing and the relationship between CPCs and environment factors was explored in Chaohu Lake and its three urban tributaries. Our results indicated that elevated nutrients, pH, and water temperature may be the primary environmental controllers of the variation in CPCs in Chaohu Lake and its three tributaries. Furthermore, we found that the variation of CPCs was influenced by anthropogenic perturbations-eutrophication processes that are continuing to increase within the Chaohu Lake watershed. Ultimately, these results add to our growing understanding of the ecology of CPCs in Chaohu Lake and its tributaries, and may offer crucial ecological background data for the development of management plans for this important urban freshwater system.
